1. Introduction {#sec0005}
===============

Protein kinases play an important role in the resistance of cancer cells to the cytotoxic effects of chemotherapeutic drugs. Mutations and aberrant activation of this class of enzymes is often linked to alteration of intracellular signal transduction pathways that control cell growth, differentiation, survival and motility \[for a review see [@bib0005]\]. Consequently, the connection between deregulated protein kinases and cancer led to the identification of small molecule compounds able to regulate the activity of this class of enzymes. In this respect, previous research focusing on the selection of compounds with a unique specificity toward individual protein kinases has shifted, in recent years, to the identification of drugs with broad specificity but high toxicity, thus, representing a therapeutic alternative to current treatment regimens.

Protein kinase CK2 is a pleiotropic and constitutively active serine/threonine kinase composed of two catalytic subunits α and/or α′ and two regulatory β-subunits. Evidence so far collected, suggests that this enzyme plays a significant role in regulating cell survival and conferring resistance to apoptotic cell death [@bib0010], [@bib0015], [@bib0020]. In this respect, studies on pancreatic cancer cells, that are notoriously resistant to chemotherapeutic drugs currently employed in the clinics, revealed that down-regulation of CK2 by RNA interference significantly enhances cell death induced by gemcitabine treatment [@bib0025]. Perhaps, this effect should not come as a surprise since overexpression of CK2 has been documented in all cancer types so far investigated and associated with the aggressiveness of the tumor [@bib0010], [@bib0030]. Higher than average CK2 activity offers a number of selective advantages to the tumors, hence, its inhibition or down-regulation would consequently weaken this growth advantage. In this respect, the identification of small molecule compounds able to inhibit significantly the activity of CK2 has become an important goal for the successful treatment of cancer.

Recently, the screening of small molecule compound libraries provided by the National Cancer Institute (NCI) under the Developmental Therapeutics Program (DTP), has led to the identification of C11 a two-components (i.e. PCP and DMA) cell permeable mixture able to inhibit endogenous CK2 and induce significant cell death in human pancreatic cancer cells. We have closely investigated the effects of C11 and identified pentachlorophenol (PCP) as its active component. PCP is a phenol derivative that has been extensively used as a wood preservative, insecticide and fungicide [@bib0035], [@bib0040]. PCP undergoes oxidative dechlorination to form tetrachlorohydroquinone (TCHQ), a more toxic metabolite of PCP [@bib0045], [@bib0050]. PCP toxicity seems to be related mainly to TCHQ-mediated uncoupling of oxidative phosphorylation and the generation of reactive oxygen species (ROS) in mitochondria [@bib0055], [@bib0060]. Although it has been shown to promote tumor growth [@bib0065], studies suggesting that this compound and its derivative can induce cell death are sparse [@bib0070], [@bib0075]. This work was initiated by our preliminary observations that PCP induces inhibition of CK2 in an ATP-competitive manner. The aim of this study was to contribute to the knowledge of the effects of PCP in human pancreatic cancer cells and to shed light on the intracellular signaling pathways involved in PCP-induced cytotoxicity. To the best of our knowledge, this is the first contribution on the characterization of PCP at the molecular level in this type of cells.

2. Materials and methods {#sec0100}
========================

2.1. Kinase assays {#sec0015}
------------------

Protein kinase activity measurements of recombinant CK2α and CK2α~2~β~2~ were performed in 40 μl of a reaction mixture containing varying concentrations of C11, PCP or dimethylallylamine (DMA), as indicated in the figure legends, 25 mM Tris/HCl pH 7.5, 5 mM NaCl for CK2α and 150 mM for CK2α~2~β~2~, 18.75 mM MgCl~2~, 0.5 mM DTT, 190 μM synthetic peptide RRRADDSDDDDD (KinaseDetect, Odense, Denmark), 125 μM ATP and 10 μCi \[γ-^32^P-ATP\] (3000 Ci/mmol, Hartmann Analytic, Braunschweig, Germany). After incubation at 30 °C for 10 min, the reactions were stopped on ice and samples were spotted onto P81 cellulose paper (Whatman™, GE Healthcare, Brøndby, Denmark). Radioactivity incorporated into the substrate target was determined by scintillation counting in a 1450 MicroBeta^2^ Plate counter (PerkinElmer, Waltham, MA, USA).

2.2. Cell culture and treatments {#sec0020}
--------------------------------

The pancreatic ductal adenocarcinoma cell lines Panc-1 and MIA PaCa-2 (ATCC, Rockville, MD, USA) were cultured according to the manufacturer\'s guidelines and maintained at 37 °C in a humidified atmosphere supplemented with 5% CO~2~. Cells were treated with C11 (NCI, Bethesda, MD, USA), pentachlorophenol (PCP, AccuStandard, New Haven, CT, USA), dimethylallylamine (DMA, Chemical point, Deisenhofen, Germany) and TNFα (R&D Systems, Abingdon, United Kingdom) as indicated in the figure legends. DMSO (Sigma--Aldrich, Schnelldorf, Germany) was used in all control experiments at a final concentration not exceeding 0.2% (v/v). Cell viability was determined by the WST-1 assay (Roche, Mannheim, Germany) in a 96-well plate. 24 h after seeding, cells were treated with various concentrations of C11, PCP and DMA, respectively, for 48 h. WST-1 reagent was added to the cells according to the manufacturer\'s instructions and cell viability was determined 2 h later in a VersaMax ELISA microplate reader (Molecular Devices, CA, USA).

2.3. Flow cytometry {#sec0025}
-------------------

Cell death was determined by propidium iodide staining as previously described [@bib0025], [@bib0080]. In order to detect the mitochondrial membrane potential, cells were incubated with 5 μg/ml JC-1 (5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolylcarbocyanine iodide, Invitrogen, Carlsbad, CA, USA) for 15 min at 37 °C. Cells were harvested by trypsinization, washed in PBS and re-suspended in 1 ml PBS prior to analysis by flow cytometry. For each measurement, 10,000 cells were analyzed on a FACSCalibur™ flow cytometer (Becton and Dickinson, San Jose, CA, USA). Acquired data were processed by Cell Quest™ Pro software (Becton and Dickinson).

2.4. Isolation of a CD24^+^ stem-cell-like subpopulation of Panc-1 {#sec0030}
------------------------------------------------------------------

Isolation of CD24^+^ cells was performed employing the CD24 Microbead Kit human (Miltenyi Biotec, Lund, Sweden) according to the manufacturer\'s instructions. Briefly, treated cells were harvested by incubation with 2 mM EDTA in PBS for 10 min at 37 °C. Cells were labeled with biotinylated anti-CD24 antibodies and subsequently incubated with anti-biotin-conjugated microbeads. Complexes were retained in a magnetic-activated Cell Sorting (MACS) column. CD24^+^-cells were eluted after removal of the column from the magnetic field and re-seeded prior to treatment. In order to verify enrichment of stem-cell-like Panc-1, cells were stained with antibodies directed against two surface markers of stem cells, i.e. FITC-conjugated anti-CD24 antibody and APC-conjugated anti-CD44 antibody, respectively, both at 1:30 dilution for 30 min at 4 °C (Miltenyi Biotec) prior to FACS analysis.

2.5. Isolation of mitochondria {#sec0035}
------------------------------

Cells were harvested by trypsinization and washed with ice-cold PBS. Mitochondria were isolated by using the Mitochondria Isolation Kit--human (Miltenyi Biotec) according to the manufacturer\'s instructions. Briefly, cell lysates were incubated with anti-TOM22 (Translocase of outer membrane 22 kDa subunit homolog)-microbeads. Labeled mitochondria were loaded on a MACS column and subsequently eluted after removal of the column from the magnetic field.

2.6. Immunofluorescence staining {#sec0040}
--------------------------------

For immunofluorescence analysis, cells were grown on cover slides and treated as indicated in the figure legends. For detection of NF-κB/p65, cells were fixed and permeabilized as previously described [@bib0085], [@bib0090]. Cells were incubated with rabbit monoclonal anti-NF-κB/p65 (Cell Signaling Technology, Danvers, MA, USA) overnight at 4 °C. Incubation with the primary antibody was followed by labeling with biotinylated swine anti-rabbit immunoglobulins for 1 h at room temperature and FITC-conjugated streptavidin (all from Dako, Glostrup, Denmark) for 30 min at room temperature. Cells were counterstained with Dapi (4′6-diamidino-2-phenylindole, Sigma--Aldrich) for 5 min at room temperature.

For the analysis of the mitochondrial membrane potential, cells were incubated with JC-1 as described above, washed twice with growth medium and immediately analyzed under a fluorescence microscope.

Cells were analyzed on a Leica DMRBE microscope equipped with a DFC 420C camera and Leica Application Suite V 3.3.0 software (Leica Microsystems, Wetzlar, Germany) at 400× magnification.

2.7. Preparation of whole cell extracts, Western blot analysis and antibodies {#sec0045}
-----------------------------------------------------------------------------

Whole cell lysates and immunoblotting were as previously described [@bib0080]. The following antibodies were employed: mouse monoclonal anti-ATP5B, rabbit monoclonal anti-JNK, mouse monoclonal anti-Cdc37, rabbit polyclonal anti-p38MAPK (all from Santa Cruz Biotechnology, Santa Cruz, CA, USA); mouse monoclonal anti-caspase 8, mouse monoclonal anti-caspase 9, mouse monoclonal anti-phospho-p38MAPK (T180/Y182), mouse monoclonal anti-phospho-AKT (S473), rabbit polyclonal anti-phospho-AKT (T308), mouse monoclonal anti-cytochrome c, rabbit polyclonal anti-p44/42 MAPK (ERK1/2), rabbit polyclonal anti-phospho-GSK3β (S9), rabbit monoclonal anti-caspase 3, rabbit monoclonal anti-phospho-p44/42 MAPK (ERK1/2, \[T202/Y204\]), rabbit monoclonal anti-NF-κB/p65, rabbit monoclonal anti-phospho-NF-κB/p65 \[(S536), all from Cell Signaling Technology\]; mouse monoclonal anti-GSK3β, anti-PARP and anti-AKT1 (BD Biosciences, CA, USA); mouse monoclonal anti-β-actin (Sigma--Aldrich); mouse monoclonal anti-CK2α/α′ (1AD9) and mouse monoclonal anti-CK2β (6D5) (both from KinaseDetect); rabbit polyclonal anti-phospho-JNK \[(T183/Y185), Invitrogen, Carlsbad, CA, USA\]. Rabbit polyclonal anti-phospho-Cdc37 (S13) was kindly provided by Dr. Miyata, Kyoto University, Japan. Secondary antibodies goat-anti-rabbit and goat-anti-mouse, coupled to alkaline phosphatase, were purchased from Jackson ImmunoResearch, Newmarket, United Kingdom. Protein--antibody complexes were visualized by a chemiluminescent detection system using CDP-Star (Applied Biosystems, Foster City, CA, USA) substrate according to the manufacturer\'s instructions.

2.8. Cathepsin B activity assay {#sec0050}
-------------------------------

The measurement of cathepsin B activity was carried out with the cathepsin B activity fluorometric assay kit (BioVision, San Francisco, CA, USA). In brief, cells were collected by scraping, washed with cold PBS and lysed with lysis buffer. 100 μg whole cell lysate was employed for the determination of enzyme activity in the presence of amino-4-trifluoromethylcoumarin (AFC) conjugated to the cathepsin B sequence target Ac-RR (Ac-RR-AFC, 200 μM final concentration in the assay). Fluorescence emission was measured with a fluorometer (SPEX Fluorolog F2C, NJ, USA) employing a 400 nm excitation filter and a 505 nm emission filter. Acquired data were processed by DataMax software (Jobin Yvon™, NJ, USA).

2.9. Statistical analysis {#sec0055}
-------------------------

All experiments were carried out at least three times and with triple measurements, if not otherwise stated. Standard deviation values (S.D.) are indicated in the diagrams as error bars. Statistical significance of results was calculated with the Student\'s *t*-test (two-tailed, same variance). Statistical significance is indicated in the figure legends by *P* values calculated between two sets of data.

3. Results {#sec0060}
==========

3.1. PCP is a newly identified ATP-competitive inhibitor of CK2 {#sec0065}
---------------------------------------------------------------

A preliminary chemoluminescence-based screening of a small molecule compound library in search of novel protein kinase CK2 inhibitors, led to the identification of C11, a mixture of two individual compounds; i.e. pentachlorophenol (PCP) and 2-methyl-n-(2-methyl-2-propenyl)-2-propen-1-amine (dimethylallylamine, DMA) in a 1:1 molar ratio. C11, PCP and DMA ([Fig. 1](#fig0005){ref-type="fig"}a) were initially assayed for their ability to inhibit the kinase activity of CK2. As shown in [Fig. 1](#fig0005){ref-type="fig"}b and summarized in [Table 1](#tbl0005){ref-type="table"}, C11 inhibited both the CK2α subunit (IC~50~ 4.96 μM) and CK2 holoenzyme (IC~50~ 4.64 μM) in the low micromolar range. In the case of PCP, the IC~50~ was 3.73 μM and 1.99 μM for CK2α and CK2 holoenzyme, respectively. DMA did not exert any inhibitory effect on both enzymes indicating that PCP is the active component in the C11 mixture. Further, a kinetic analysis was performed with two different PCP concentrations (i.e. 1 μM and 10 μM, respectively) in order to address the mechanism by which CK2 is inhibited by the aforementioned compounds. As shown in [Fig. 1](#fig0005){ref-type="fig"}c and [Table 1](#tbl0005){ref-type="table"}, *K*~m~ values increased concomitantly to increasing concentrations of PCP, moreover, the double reciprocal plots indicated that the inhibition is consistent with an ATP-competitive binding of the enzyme.Fig. 1PCP is the active component of C11 exerting ATP site-directed inhibition of CK2. (a) Chemical structures of PCP and DMA present in C11 in a 1:1 molar ratio. (b) The IC~50~ values for the CK2α subunit and the CK2 holoenzyme were determined by a dose-response curve for each individual compound/mixture, respectively. Inhibition is expressed in percentage relative to the activity of the enzyme measured in the absence of compound/mixture (i.e. control experiment). Results are mean values ± standard deviation (S.D.) from assays run in triplicates. \**p* \< 0.005, \*\**p* \< 0.001 denote statistical significant differences for measurements performed with C11 and PCP with respect to control values. (c) Kinetic analysis of enzyme inhibition by PCP. Upper bar-graphs refer to Michaelis--Menten kinetics while lower bar-graphs to Lineweaver--Burk plots. Enzyme activity was determined at various ATP concentrations in the absence or presence of two fixed concentrations of PCP, i.e. 1 μM and 10 μM, respectively. Results are mean values ± S.D. from experiments run in triplicates.Table 1Determination of IC~50~ (μM), *V*~max~ and *K*~m~ values for the inhibition of CK2α and CK2α~2~β~2~ by C11, PCP and DMA, respectively. Data show *V*~max~ and *K*~m~ values ± S.D. of non-linear (i.e. Michaelis--Menten) regression of the obtained values calculated by GraphPad Prism. The results shown represent means of at least three independent experiments performed in triplicates.IC~50~ C11 (μM) ± S.D.IC~50~ PCP (μM) ± S.D.IC~50~ DMA (μM)CK2α4.96 ± 0.323.73 ± 0.09--CK2α~2~β~2~4.64 ± 0.391.99 ± 0.13--PCP (μM)CK2αCK2α~2~β~2~*V*~max~ (U/ng)[a](#tblfn0005){ref-type="table-fn"} ± S.D.*K*~m~ (μM)[a](#tblfn0005){ref-type="table-fn"} ± S.D.*V*~max~ (U/ng)[a](#tblfn0005){ref-type="table-fn"} ± S.D.*K*~m~ (μM)[a](#tblfn0005){ref-type="table-fn"} ± S.D.06.7 ± 0.0247.9 ± 0.735.7 ± 0.0718.7 ± 1.916.4 ± 0.0754.0 ± 1.186.1 ± 0.1748.4 ± 3.29106.9 ± 0.14352.2 ± 4.755.0 ± 0.14384.3 ± 26.55[^1][^2]

3.2. PCP reduces metabolic activity and induces cell death in human pancreatic cancer cells {#sec0070}
-------------------------------------------------------------------------------------------

We performed a WST-1 viability assay with two human pancreatic cancer cell lines, i.e. Panc-1 and MIA PaCa-2, for studying the effects of treatment with C11 and its individual components. As shown in [Fig. 2](#fig0010){ref-type="fig"}a, incubation of cells with increasing concentrations of C11 or PCP for 48 h resulted in progressive cytotoxicity in both cell lines. Similar effects, albeit less pronounced, were obtained when PCP and DMA where combined in a 1:1 ratio. Incubation of cells with DMA alone did not result in reduced metabolic activity indicating that PCP is the component within C11 responsible for the reduced metabolic activity of the cells.Fig. 2Cytotoxic effects of PCP on human pancreatic cancer cells. (a) Panc-1 and MIA Paca-2 cells were incubated with increasing concentrations of C11, PCP, DMA for 48 h, respectively. PCP+DMA refers to the two individual compounds added to the cells in a 1:1 molar ratio. Cells incubated with solvent DMSO (0 μM) were used as a control. Cell viability was determined by the WST-1 assay as described in Section [2](#sec0100){ref-type="sec"}. Viability was determined as a difference in absorbance measured at 450 nm and 690 nm (reference) wavelengths, respectively. Values were expressed in percentage relative to control assay. (b) Flow cytometry analysis of CD44 and CD24 expression in Panc-1 cells after enrichment. Two phenotypic subpopulations were collected. CD24-depleted cells and CD24-enriched cells. Percentage refers to the amount of CD44^+^/CD24^+^ cells in whole CD44^+^-cell population. (c) CD24-depleted and CD24-enriched cell populations were treated with C11 or PCP for 48 h. Cytotoxicity was determined as described above. Control refers to the cell population before the enrichment procedure. Experiments were repeated three times obtaining similar results. Data from a representative experiment (mean values ± S.D. of eight replicates) are shown.

A subpopulation of cells within the Panc-1 cell line exhibits features of cancer stem cells (CSCs) such as extensive self-renewal, proliferation, tumorigenesis and high chemoresistance [@bib0095], [@bib0100]. Thus, we asked the question whether PCP induced cytotoxic effects also in this fraction of cells by performing a WST-1 assay. Panc-1 cells were enriched in CSCs expressing the cell surface markers CD44 and CD24. The percentage of CD44^+^/CD24^+^ cells was determined by flow cytometry showing an increase from 4.35% to 23.33% ([Fig. 2](#fig0010){ref-type="fig"}b). Panc-1 cells as well as a population of depleted and enriched CSCs were left untreated or exposed to C11 and PCP, respectively, for 48 h. Data reported in [Fig. 2](#fig0010){ref-type="fig"}c show that PCP is toxic to all cell populations in a dose dependent manner and independently of the stem-like properties of the cells. Next, flow cytometry analysis was performed to measure the percentage of cells in sub-G1 indicative of cell death, in response to C11 and PCP treatment, respectively, ([Fig. 3](#fig0015){ref-type="fig"}a). Cells were left untreated or incubated with 100 μM C11, PCP and DMA for the indicated times, respectively. In Panc-1 cells, 72 h incubation with C11 and PCP resulted in 23% and 29% of hypodiploid cells (fraction of cells in sub-G1), respectively. In the case of MIA PaCa-2 cells, the percentage varied from 16% (C11 treatment) to 25% (PCP treatment). Control cells or cells incubated with DMA for 72 h showed similar amounts of cells in sub-G1 that was equal to or below 10%.Fig. 3Cell incubation with PCP induces apoptotic cell death in human pancreatic cancer cells. (a) Cells were incubated with DMSO or exposed to 100 μM C11, PCP and DMA, respectively, for variable incubation times. Cell cycle analysis was performed by flow cytometry. The distribution of cells in the various phases of the cell cycle is expressed in percentage. Cell death is indicated by the percentage of cells in the sub-G1 phase. (b) Western blot analysis of markers for apoptotic cell death from cells treated with 100 μM C11 and PCP, respectively, for 48 h. Control experiments are represented by the analysis of whole lysates from cells treated with DMSO. β-actin detection was performed for verifying equal loading. Experiments shown here, were performed three times obtaining similar results.

3.3. The mechanism of cell death involves the extrinsic and intrinsic pathways of caspase activation and inhibition of cathepsin B activity {#sec0075}
-------------------------------------------------------------------------------------------------------------------------------------------

In order to gain insight into the type of cell death induced by PCP, we investigated cleavage of PARP as a measure of early-stage apoptosis and the cleavage of the major members of the extrinsic and intrinsic pathways of caspase activation. Panc-1 and MIA PaCa-2 cells were incubated with C11 and PCP at 100 μM concentration for 48 h, respectively. As shown in [Fig. 3](#fig0015){ref-type="fig"}b, cell death activation appears to occur through the extrinsic caspase pathways as Western blot analysis revealed cleavage of caspase-8, -3 and PARP as compared to untreated cells. In the case of caspase-9, we observed a decreased intensity of full-length caspase-9 band in MIA PaCa-2 cells treated with PCP with respect to control cells indicating activation of the intrinsic apoptotic pathway. However, in the case of Panc-1 cells, there was no significant difference in the caspase-9 band intensity between control and PCP-treated cells suggesting activation of the sole extrinsic apoptotic pathway.

Cathepsins are a family of lysosomal proteases stored in lysosomes as inactive precursors known for their ability to initiate apoptotic cell death independent of caspases [@bib0105], [@bib0110]. However, of the cysteine proteases, cathepsin B has been often implicated in the invasive and malignant progression of several types of tumors including pancreas, making this enzyme a relevant marker to cancer [@bib0115], [@bib0120], [@bib0125]. Hence, we addressed the question whether cathepsin B is involved in the cell death mechanisms of pancreatic cancer cells. As shown in [Fig. 4](#fig0020){ref-type="fig"}, cells were incubated with 100 μM C11 and 100 μM PCP for 48 h, respectively. The activity of cathepsin B from whole cell extracts was measured by a fluorescence-based assay. The assay revealed a decrease of more than 50% in enzyme activity in both cell types suggesting that PCP-mediated inhibition of cathepsin B activity contributes to induce cell death in the investigated cell lines. Treatment of cells with 150 μM temozolomide (TMZ) served as a positive control indicating activation of cathepsin B. A negative control experiment was performed in parallel in the presence of CB inhibitor.Fig. 4Cathepsin B activity in whole cell lysates after treatment of cells with C11 and PCP reveals decreased enzyme activity. Cells were treated with DMSO (control experiment), C11 or PCP as indicated in the figure for 48 h. A positive control experiment was carried out by incubating cells with 150 μM temozolomide (TMZ) for 48 h. A negative control experiment was performed by adding 2 μl CB inhibitor to whole cell lysate (Cathepsin B assay kit, BioVision) for 2 h. The released fluorochrome AFC is expressed as percentage of fluorescence emitted/sample relative to release of reaction product in DMSO-treated cells. \**p* \< 0.005 indicates values with statistically significant difference with respect to numbers obtained from DMSO-treated cells. Experiments were performed two times with four replicates each.

Next, cells were analyzed for the release of cytochrome c from isolated mitochondria. As shown in [Fig. 5](#fig0025){ref-type="fig"}a, detection of cytochrome c content in MIA PaCa-2 cells revealed that treatment with C11 and PCP leads to a decreased protein band signal with respect to control experiment, suggesting release of cytochrome c into the cytosol and, hence, caspase-mediated activation of apoptotic cell death. 100 μM PCP was the most effective concentration. However, a clear decrease of cytochrome c content was not observed in Panc-1 cells as compared to control experiment represented by cells incubated with DMSO.Fig. 5Cytochrome c release following C11 or PCP treatment is cell type specific. (a) The content of isolated mitochondria from cells treated as indicated in the figure for 48 h was analyzed by Western blot using an antibody directed against cytochrome c. The detection of ATP synthase subunit β (ATP5B) was carried out as a control for equal loading. (b) Mitochondrial membrane potential was analyzed by cell staining with JC-1 reagent after the indicated treatments for 48 h. JC-1 monomeric form and aggregates in the mitochondria were detected using a BP 525/20; 635/40 filter allowing the simultaneous detection of green and red fluorescence emission. Cell images were taken at 400× magnification. (c) Quantification of the red fluorescence emission was carried out by flow cytometry and expressed in percentage relative to DMSO-treated cells. Results are presented as the average of three independent experiments. \**p* \< 0.005 denotes statistical significant difference for measurements performed with cells treated with PCP with respect to control values.

A hallmark of apoptosis is the loss of mitochondrial membrane potential \[ΔΨ~m~, [@bib0130], [@bib0135]\]. The release of cytochrome c from the mitochondrial intermembrane space into the cytosol has been shown to occur prior the loss of ΔΨ~m~, locating cytochrome c release as an upstream event. However, some studies indicated that release of cytochrome c results from the opening of the mitochondrial permeability transition pore suggesting that loss of ΔΨ~m~ is an earlier event in the activation of death pathways. Therefore, we analyzed the mitochondrial ΔΨ~m~ using the lipophilic cationic dye JC-1, a sensitive marker for mitochondria potential that emits green fluorescence when present at low concentration (i.e. monomeric form) and orange fluorescence when it accumulates in the mitochondria as aggregates. As shown in [Fig. 5](#fig0025){ref-type="fig"}b, incubation of cells with 100 μM C11 or 100 μM PCP for 24 h led to a significant loss of orange fluorescence emission with respect to control experiments in both cell lines indicating severe loss of ΔΨ~m~. Quantification of orange fluorescence emission by flow cytometry confirmed results obtained by fluorescence microscopy ([Fig. 5](#fig0025){ref-type="fig"}c). Taken together, these data indicate that activation of cell death by PCP treatment results in mitochondrial depolarization in both cell lines while release of cytochrome c occurs solely in MIA PaCa-2 cells but not in Panc-1 cells. This suggests that the type of caspase-dependent activation of cell death following PCP treatment is cell type-specific and that mitochondrial depolarization and cytochrome c release are two events that occur independently from each other.

3.4. PCP-mediated inhibition of CK2 is accompanied by activation of AKT1 and suppression of NFκB/p65 signaling pathway {#sec0080}
----------------------------------------------------------------------------------------------------------------------

Multiple lines of evidence have linked the PI3K/AKT, mitogen-activated protein kinases family (MAPK) and NFκB signaling pathways to chemoresistance of pancreatic cancer cell lines [@bib0140], [@bib0145], [@bib0150], [@bib0155], [@bib0160], [@bib0165]. Given the importance of CK2 in the regulation of AKT, MAPKs and NFκB [@bib0025], [@bib0170], [@bib0175], [@bib0180], [@bib0185], we examined the effects of PCP on the phosphorylation levels of the major components of the aforementioned pathways. Treatment of cells with C11 and PCP, respectively, led to the inhibition of endogenous CK2 as shown by the decreased phosphorylation of the chaperone protein Cdc37 ([Fig. 6](#fig0030){ref-type="fig"}a), a known CK2 substrate target [@bib0190], confirming the postulated inhibition of endogenous CK2 by PCP. The analysis by Western blot of major components of the PI3K/AKT signaling pathway revealed enhanced phosphorylation of both canonical regulatory AKT sites, i.e. T308 and S473, and the downstream protein target, i.e. GSK3β, as also indicated by the densitometric analysis of protein band signal intensity, suggesting that PCP activates rather than suppresses the PI3K/AKT signaling pathway ([Fig. 6](#fig0030){ref-type="fig"}b). Analysis of the MAPK signaling pathway, revealed enhanced phosphorylation of the stress-activated Jun amino-terminal kinase (JNK) in both cell lines ([Fig. 6](#fig0030){ref-type="fig"}c). Finally, treatment of cells with C11 and PCP, respectively, resulted in decreased phosphorylation of NFκB/p65 at the activating S536 and a concomitant reduction in total NFκB/p65 levels in MIA PaCa-2 cells ([Fig. 6](#fig0030){ref-type="fig"}d) suggesting down-regulation of the NFκB-mediated signaling pathway. It has been shown that the pro-inflammatory cytokine tumor necrosis factor-α (TNFα) induces rapid phosphorylation of IκBα and its ubiquitin-induced degradation. This event is necessary for NFκB/p65 to be released from the complex with IκBα and for its relocation to the nucleus where it exerts transactivation functions by binding co-activator proteins \[reviewed in [@bib0195]\]. As incubation with PCP resulted in decreased phosphorylation of IKKβ-mediated phosphorylation of NFκB/p65 at the activating S536, we addressed the question whether PCP affected the TNFα-mediated translocation of NFκB/p65 into the nucleus. As shown in [Fig. 7](#fig0035){ref-type="fig"}, treatment of both cell lines with TNFα led to the accumulation of NFκB/p65 in the nucleus with respect to DMSO- and PCP-treated cells, respectively, where NFκB/p65 appeared to localize in the cytoplasm. However, incubation of cells with PCP suppressed TNFα-induced migration of NFκB/p65 into the nucleus as indicated by the persistent signal in the cytoplasm.Fig. 6Analysis of cell signaling pathways de-regulated in human pancreatic cancer cells. (a--d) Whole lysate from cells treated as indicated in the figure for 48 h were analyzed by Western blot employing antibodies directed against the indicated proteins or their phosphorylated form, belonging to the PI3K/AKT, MAPK and NFκB signal transduction pathways, respectively. Analysis of the expression and phosphorylation status of Cdc37, an endogenous substrate of CK2, and expression levels of the CK2 subunits is also shown. In all experiments, β-actin was detected as control for equal loading. Numbers below the blots refer to quantitation of band signal intensity with ImageJ software. Experiments were performed at least three times obtaining similar results.Fig. 7Cell incubation with PCP influences negatively the TNFα-induced NFκB/p65 translocation into the nucleus. Cells were left untreated or incubated with 100 μM PCP for 48 h. Where indicated, cells were added 20 ng/ml TNFα in the last 15 min of incubation time. After fixation, cells were subjected to immunofluorescence analysis. Nuclei were visualized by DAPI staining. Negative control (NC) refers to cells immunostained with only the biotinylated secondary antibody and FITC-conjugated streptavidin. Original magnification: 400×. At least 50 cells were analyzed per treatment condition.

4. Discussion {#sec0085}
=============

The study presented here, indicates that PCP is the active component of C11 exerting cytotoxic effects in human pancreatic cancer cell lines. Our previous studies showed that simultaneous silencing of the CK2 catalytic subunits by RNA interference enhances the sensitivity of these cell lines toward chemotherapeutic agents currently used in the clinics for the cure of advanced pancreatic cancer \[[@bib0025], for a review see [@bib0200]\]. We show here that PCP inhibits recombinant human CK2 in an ATP-competitive manner as well as the endogenously expressed enzyme as revealed by the decreased phosphorylation of the molecular chaperone Cdc37 at S13, a known cellular substrate target of CK2 \[[Fig. 6](#fig0030){ref-type="fig"} [@bib0190]\]. Evidence indicates that CK2 supports survival and confers resistance to chemotherapeutic treatment of cancer cells \[reviewed in [@bib0010], [@bib0030]\]. Hence, PCP-mediated induction of cell death in human pancreatic cancer cells reported here, may be due, at least partially, to the inhibition of endogenous CK2. However, as protein kinase CK2 expression levels have been shown to be elevated in cancer and highly proliferating cells, we cannot exclude that other types of cancer cells would respond to PCP treatment in a similar fashion. The poor prognosis of pancreatic cancer is in part attributed to the presence of a subgroup of cancer stem cells which account for tumor recurrence due to their self-renewal, metastatic potential and resistance to cytotoxic drug treatment [@bib0095], [@bib0100]. Interestingly, we show here that incubation of a sub-population of Panc-1 cells enriched in cancer stem cells with PCP induces a level of cytotoxicity comparable to the one observed in the cancer stem cells-depleted population suggesting that PCP treatment lowers the intrinsic resistance of cancer stem cells to cell death induction ([Fig. 2](#fig0010){ref-type="fig"}).

In the present study, we show that PCP induces apoptotic cell death as demonstrated by cleavage of PARP and activation of caspase-3 ([Fig. 3](#fig0015){ref-type="fig"}), both considered a hallmark of apoptosis [@bib0205], [@bib0210]. Interestingly, the type of death signal generated in the two cell lines seems to differ and be cell type-dependent. In this respect, we show that PCP treatment of MIA PaCa-2 cells leads to activation of both the extrinsic and intrinsic caspase-mediated apoptotic pathways as indicated by the cleavage of caspase-8 and caspase-9, respectively, and the dose-dependent decreased level of cytochrome c in the mitochondria ([Fig. 5](#fig0025){ref-type="fig"}). In the case of Panc-1 cells, induction of cell death is mediated solely by the death receptor-mediated caspase pathway as indicated by the cleavage of caspase-8 and lack of significant decrease in the levels of mitochondrial cytochrome c as compared to control cells.

Loss of mitochondrial membrane potential is believed to occur during activation of death pathways and accompanied by cytochrome c release. As shown in [Fig. 5](#fig0025){ref-type="fig"}, both cell lines lose their membrane potential during C11 or PCP-induced apoptosis as indicated by the remarkable decrease in the JC-1 red fluorescence signal. Surprisingly, it appeared that decreased ΔΨ~m~ did not correlate with cytochrome c release in Panc-1 cells suggesting that these two events occur independently from each other. In support of these data, Johnson et al. [@bib0215] proposed that the mitochondria contribute to the activation of death pathways at various levels and that release of cytochrome c and mitochondria depolarization are separate and independent events depending on where the contribution of the mitochondria in the death pathway resides.

The analysis of intracellular signaling pathways that have been shown to be de-regulated in pancreatic cancer supporting growth and conferring chemoresistance, suggest that the cytotoxic properties of PCP are not solely confined to the inhibition of CK2 but also to alteration of other intracellular signaling molecules. In this respect, phosphorylation of JNK was found up-regulated. JNK is part of a family of protein kinases activated in response to a wide range of cellular stresses [@bib0220]. Hence, increased phosphorylation observed following C11 or PCP treatment might represent a stress response accompanying activation of the apoptotic cell death signaling as previously postulated [@bib0225]. Unexpectedly, the anti-proliferative response of PCP correlated with increased phosphorylation of AKT S473 and T308 and a mild effect on AKT protein expression levels in Mia PaCa-2 cells ([Fig. 6](#fig0030){ref-type="fig"}b). At a first glance these results may appear contradictory as the PI3K/AKT signaling pathway has been linked to cell growth and survival and, thus, one would expect that this signaling cascade would remain unaltered or be suppressed during induction of cell death. However, recent data suggested that cellular outcome in tumor cell treatment cannot be predicted by changes in the phosphorylation status of AKT as induction of its phosphorylation in the presence of the broad anti-tumor agent everolimus (RAD0019) has been shown to occur as a results of mTORC1 (rapamycin-sensitive kinase complex containing raptor) inhibition in a rictor-dependent manner [@bib0230]. Further supporting this, a negative feedback loop has been described, where mTOR/S6K1 activation results in PI3K signaling inhibition by suppressing the insulin receptor-dependent cascade [@bib0235], [@bib0240], [@bib0245]. Hence, it remains to be determined whether the anti-proliferative response in cells incubated with PCP is accompanied by mTORC1 inhibition and whether suppression of AKT phosphorylation at S473 can be induced by rictor down-regulation.

The NFκB signaling pathway is implicated in the regulation of numerous cellular functions including inflammation, proliferation, stress-response and programmed cell death control. Moreover, its de-regulation has been linked to chemoresistance of pancreatic cancer cells. We have examined the effect of PCP on the activation of NFκB/p65. Our data demonstrate that PCP leads to decreased phosphorylation of NFkB/p65 at S536 and reduction of its protein expression levels in MIA PaCa-2 cells. NFκB/p65 phosphorylation at S536 results in nuclear localization and stimulation of NFκB transactivation functions. We show here, that the TNFα-mediated stimulation of NFκB/p65 is suppressed in the presence of PCP providing mechanistic evidence that the anti-proliferative and pro-apoptotic effects of PCP are associated with inhibition of the NFκB signaling pathway.

Apart from the carcinogenic properties of PCP reported in previous work, this study shows that PCP exerts toxic effects in human pancreatic cancer cells involving mitochondria damage, activation of apoptosis-related proteins and lysosomal cysteine proteases.

5. Conclusion {#sec0090}
=============

Data reported here, are consistent with the involvement of three major pro-survival signaling cascades, i.e. the PI3K/AKT/mTOR, MAPK and NF-κB pathways but also with the inhibition of a nodal pro-survival kinase, i.e. protein kinase CK2. These data aim to provide initial insight into the anti-proliferative effects of PCP in pancreatic cancer cells and form the basis for more advanced studies on the mechanism of action of chlorinated aromatic compounds in vivo.
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[^1]: 1 U = pmol/min.

[^2]: Non-linear regression (Michaelis--Menten) values.
